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tarrhalis, the false neisseriae ([Neisseria] ovis, [Neisseria] caviae, and [Neisseria] cuniculi), and the species [Kingella] indologenes should be removed from the Neisseriaceae, leaving only the true Neisseria species and two Kingella species (Kingella kingae and Kingella denitrificans) as unequivocal members of this family. Throughout this paper we use brackets to indicate generic misnomers (according to our findings) for organisms whose correct generic names are not yet known. Psychrobacter immobilis, which was recently included in the Neisseriaceae (36), is also not a member of this family (R. Rossau, M. Gillis, et al., manuscript in preparation).
Screening of a great variety of bacterial taxa of uncertain affiliation by using deoxyribonucleic acid (DNA)-ribosomal ribonucleic acid (rRNA) hybridization revealed that Eikenella corrodens, Simonsiella species, Alysiella species, and members of Centers for Disease Control (CDC) groups M-5, EF-4a, and EF-4b are close genetic relatives of the true Neisseria species. In this study we examined the phylogenetic interrelationships among these taxa and several other gram-negative bacteria.
MATERIALS AND METHODS
Bacterial strains and media. Most of the strains which we used are listed in Table 1 ; a few more strains are listed in Table 2 . These organisms were grown as described by Rossau et al. (48) . The CDC group M-5 strains and the Alysiella Jiliformis type strain were grown on heart infusion (Difco Laboratories, Detroit, Mich.) agar in Roux flasks at 33°C. The organisms mentioned below were grown in 500-ml batches in 2-liter Fernbach flasks which were moderately aerated on a gyratory shaker at 36°C. Eikenella corrodens was propagated in Mueller-Hinton broth (Oxoid Ltd., London, United Kingdom) supplemented with 25 kg of hemin per ml (hemin chloride [Fluka Ag., Buchs, Switzerland]; 22 x concentrated stock solution in 4% [vol/vol] triethanolamine [E. Merck AG, Darmstadt, Federal Republic of Germany], sterilized by filtration) and with Vitox (Oxoid). CDC group EF-4 strains were grown in tryptic soy broth (Difco) supplemented with 0.5% (wt/vol) yeast extract (Oxoid) that was sterilized by filtration, and Simonsiella and Alysiella strains were grown in tryptic soy broth supplemented with 2% (vol/vol) horse serum (Oxoid) and Vitox (Oxoid). Mass cultures of Kingella kingae and Kingella denitrificans were grown in Schaedler broth (Bio-Mkrieux, Charbonni6res les Bains, France) or brain heart infusion broth (Oxoid) supplemented with 0.5% (wt/vol) yeast extract and 2% (vol/vol) horse serum as described above.
Isolation of DNA. DNA was isolated and purified by using the method of Marmur (40) , with some modifications (48) . Additional purification was achieved by preparative CsCl gradient centrifugation.
Fixation of single-stranded DNA on nitrocellulose mem- 2600 spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, Ohio) equipped with a thermostatted cuvette chamber and a model 4225A graphic plottef (HewlettPackard Co., Palo Alto, Calif.) was used. The DNA concentration in the cuvette was about 47 pg/ml, and the optimal renaturation temperature in 2X SSC Preparation of 3H-labeled rRNAs. Labeled rRNAs from Neisseria j7avescens ATCC 13120T (T = type strain), Simonsiella muelleri ATCC 29453T, Eikenella corrodens NCTC 10596T, and CDC group EF-4 strain ATCC 29858 were prepared as described previously (47) . The Neisseria JIavescens type strain is a genotypic representative of the genus Neisseria (Tables 1 and 3) .
DNA-rRNA hy br idha t ions. The DNA-r RN A h y bridizations were performed as described by De Ley and De Smedt (lo), except that the volumes were reduced by a factor of 0.6 and the ribonuclease concentration was standardized as described by Van Lqndschoot et al. (53) . The temperature at which one-half of a DNA-rRNA duplex is denatured [Tmce,] is a reliable measur6 of the genotypic relationships between organisms. The higher the Tm(+ the higher the level of relatedness. The percentage of rRNA binding is the amount of rRNA (in micrograms) bound to 100 pg of filter-fixed DNA after ribonuclease treatment. The latter parameter is not a measure of genetic relatedness but can often be used to differentiate between taxa with similar Tm(e) values on rRNA cistron similarity maps.
RESULTS
DNA-rRNA hybridizations. Table 1 shows the parameters of the DNA-rRNA hybrids when we used 3H-labeled rRNAs from Neisseria jlavescens ATCC 13120T, Simonsiella muelleri ATCC 29453T, Eikenella corrodens NCTC 10596T, and CDC group EF-4 strain ATCC 29858. Various rRNA cistron felationships are shown in Fig. 1 through 6 . In the upper part of Fig. 1 , a cluster is delineated; this cluster includes strains of several Neisseria species (sequence no. 1 through 13 in Table l) , two Kingella species (sequence no. 14 through 17), three Simonsiella species (sequence no. (Table 1 and Fig. 1 and 6 ).
[Kingella] indologenes (sequence no. 18) and members of rRNA superfamily I (sequence no. 60), rRNA superfamily I1 (sequence no. 34, 35, and 54 through 59), and rRNA superfamily IV (sequence no. 61) are all located in the area below a T,(,, value of 65.2"C on the rRNA similarity map (Fig. 1 ) and the T,(=) similarity dendrogram (Fig. 6) . Table 2 shows the hybridization parameters of the hybrids between DNAs from some members of the Neisseriaceae cluster, [Kingella] indologenes, and two strains misidentified as AZysieZZa sp. and rRNAs from reference strains belonging to other rRNA branches.
DNA-DNA hybridizations. The DNA-DNA hybridization results are shown in Tables 3 through 5 and Fig. 6 . The mean standard deviation for the separate hybridization results was 4% D. Individual results are discussed below.
Molecular complexities of the genomes and mean moles percent G+C values. The molecular complexities of the genomes of the strains belonging to Neisseria species, Kingella kingae, Kingella denitriJcans, Eikenella corrodens, and CDC groups EF-4 and M-5 were fairly low (1.4 X lo9 to 1.8 x lo9); the Simonsiella species genomes had molecular complexities of 2.2 X lo9 to 2.4 x lo9, and the Alysiella jiliformis genome had a molecular complexity of 2.7 x lo9 (Table 6 ). The mean moles percent G + C range in the Neisseriaceae cluster (sequence no. 1 through 42 except Table 1 ). Abbreviations: Acin, Acinetobacter; Al, Alysiella; [All, misnamed Alysiella; A1 fil, Alysiella filiformis; Aq, Aquaspirillum dispar; Bor, Bordetella; Bran, Branhamella; Chrom, Chromobacterium; E, Escherichia; EF-4, CDC group EF-4; Eik, Eikenella corrodens; Jan, Javtthinobacterium; K , Kingella; K den, Kingella denitrificans; sequence no. 18, 34, and 35) was rather broad (42.8 to 57.7 mol%) (Table 1) .
DISCUSSION
Because of the high evolutionary conservation of rRNA cistron sequences, rRNA similarities are very useful for determining more remote relationships among organisms. The rRNA cistron similarities of a great variety of gramnegative bacteria have been and are being studied extensively by members of the Gent research group, who are using a DNA-rRNA hybridization method (8, 10-12, 14-16, 21, 47, 48, 53) in combination with other methods, such as moles percent G + C and (occasionally) genome size determinations, DNA-DNA hybridization, numerical analysis of numerous phenotypic features, and protein gel electrophoresis. Based on the thermal stabilities of the DNA-rRNA hybrids [expressed as T&(,) in degrees Celsius], these organisms can be grouped together in at least six large groups, which we have called rRNA superfamilies I through VI (sensu De Ley [S] ). Members of an rRNA superfamily usually group together in a AT,,,, range that is, at most, about 12 to 14°C below the values of the homologous DNA-rRNA duplexes. Each rRNA superfamily probably corresponds to a taxonomic order. Each rRWA superfamily consists of quite a number of rRNA branches. An rRNA branch contains all of the organisms which are less than 12 to 14°C AT,,,, removed in DNA-rRNA hybridization experiments from the reference organism, which is a carefully selected, well-known, type or reference strain. A group of rRNA branches containing taxa which have phenotypic and genotypic similarities and which are at most 5 to 8°C AT,,,, removed from each other we call an rRNA cluster. Some rRNA clusters or individual rRNA branches (depending on the number of labeled reference rRNAs available) correspond to a taxonomic family; examples are the Alcaligenes-Bordetella cluster (family Alcaligenaceae), the Rhizobium-Agrobacterium-Phyllobacterium cluster (family Rhizobiaceae), the Pasteurellaceae cluster, the Enterobacteriaceae rRNA branch, the Vibrionaceae rRNA branch, etc. Not all rRNA branches contain a taxonomic family; some contain only a genus or sometimes only a single species.
Each genotypic or phenotypic method has its own range of validity, and in most cases the methods, which cover approximately the same validity range, support each other. Table 1 . Sequences no. 9 through 13 indicate the positions of the neisseriae other than those of the Neisseria gonorrhoeae group. For abbreviations see the legend to Fig. 1. about the subgenus or species level; rRNA cataloging, rRNA sequencing, and amino acid sequencing of cytochromes are valid from about the class level to about the genus or species level; DNA-DNA hybridization is valid between genera or within a genus depending on the heterogeneity of the taxon; numerical analysis of numerous phenotypic features (> 100 features) is valid within or between genera; and numerical analysis of protein gel electropherograms is valid from the species level to the individual strain level. The taxonomic validity ranges of several other methods, such as fatty acid profiles, serology, zymograms, etc. , are being examined.
Neisseriaceae cluster. We found that the true neisseriae, Kingella denitrijicans, Kingella kingae, various Simonsiella species, Alysiella jiliformis, Eikenella corrodens , and CDC groups EF-4 and M-5 are all closely interrelated in a Tmc,, range from 73.2 to 80.8"C (Table 1 and Fig. 1 through 6) . This cluster, which we refer to as the Neisseriaceae cluster, is definitely a member of rRNA superfamily I11 sensu De Ley (8), on which members of the Gent research group have already published extensively; the genera Chromobacterium (11) and Janthinobacterium ( l l ) , the generically misnamed [Pseudomonas] acidovorans and [Pseudomonas] solanacearum clusters (15, 16), the family Alcaligenaceae (12), and the genera Oligella (47), Taylorella (47), and Derxia (14) are other members of rRNA superfamily 111. The closest neighbors of the Neisseriaceae rRNA cluster are the genus Chromobacterium and some members of the genus Aquaspirillum at about 8°C AT,n(c). All other members of rRNA superfamily I11 branch at an average AT,,,,, of approximately 12°C. Organisms belonging to other rRNA superfamilies, such as the genera Moraxella and Acinetobacter, are at least 15°C AT,,,(<>, away.
Each of the labeled reference rRNAs from Neisseria Jlavescens ATCC 13120T, Simonsiella muelleri ATCC 29453T, Eikenella corrodens NCTC 10596T, and CDC group EF-4 strain ATCC 29858 is a member of a separate rRNA branch. These branches diverge at a T,,(,, of 75.0"C (Fig. 6 ). There must be at least one additional rRNA branch in the Neisseriaceae cluster to accommodate Simonsiella crassa , Simonsiella steedae, Simonsiella sp., Alysiella jiliformis, Kingella kingae, Kingella denitrificans, and some neisseriae.
Neisseria. The use of genetic transformation (1) and DNA-DNA hybridization (Table 3 and large group (which we call the Neisseria gonorrhoeae group) with more than 30% D. The same group was also detected by using DNA-rRNA hybridization ( Fig. 1 and 2) . This group is subdivided into at least three subgroups. One subgroup contains Neisseria jlavescens, Neisseria subflava (including Neisseria perflava and Neisseria flava), and Neisseria sicca strains. A second subgroup contains Neisseria gonorrhoeae, Neisseria meningitidis , Neisseria lactamica , Neisseria polysaccharea , and Neisseria cinerea strains. Neisseria macacae also belongs in this subgroup (23), but its exact taxonomic position is not yet clear; therefore, it was not included in Fig. 6 . The third subgroup contains Neisseria mucosa.
Within the genus Neisseria our DNA-DNA hybridization results (Tables 3 and 4) are in excellent agreement with those of Riou and his collaborators (23, 45) . Although Hoke and Vedros (27) apparently used the same hybridization method that we used in our study, their results deviated considerably from ours. Perhaps they used DNA concentrations that were too high for such small genomes, yielding very high renaturation rates and the possibility of misinterpretation.
The levels of DNA homology between the members of the Neisseria gonorrhoeae group and other members of the genus Neisseria are at or below the reliability limit of about 30% D (Table 4) (46, 55) ; the latter organisms are in the TmCp) range from 75.9 to 76.7"C versus rRNA from Neisseria jlavescens ( Table 1 ). The degree of binding (0) between Neisseria elongata subsp. elongata NCTC 10660T and Neisseria elongata subsp. glycolytica NCTC 11050 was 59%. Genetic transformation data demonstrated that Neisseria elongata is most probably a true Neisseria species. As far as we know, there is no genotypic evidence to support the inclusion of Neisseria denitrificans, Neisseria animalis, and Neisseria canis in the genus Neisseria. CDC group M-6 strains were not included in our genotypic studies. Phenotypically (49) and chemotaxonomically (41) these strains are very similar to Neisseria elongata. We cannot exclude the possibility that CDC group M-6 strains are nitrate-negative variants of Neisseria elongata, as suggested by Falsen (19) . Between Neisseria species and other representatives of the Neisseriaceae cluster no significant levels of DNA homology or higher levels of rRNA similarity were found (Tables 1, 4 , and 5 and Fig. 1 through 6) .
Kingella. gella kingae and Neisseria species by transformation experiments (3) and fatty acid analysis (32) was strengthened by our DNA-rRNA hybridization results ( Table 1 and Fig. 1, 2 , and 6). Kingella kingae and Kingella denitrijicans are definitely part of the Neisseriaceae cluster. No DNA homology was found between Kingella kingae and Kingella denitrijicans (Table 5 ) . In all of our DNA-rRNA hybridizations both species were always separate ( Fig. 2 through 5) . Strains of both species showed generally negligibly low levels of DNA homology with all other strains belonging to the Neisseriaceae clustef. However, when Simonsiella muelleri rRNA was used, slightly higher TmCp) values were observed with DNAs from Kingella kingae strains than with DNAs from other organisms, suggesting a possible relationship between the two taxa. Some other criteria for relationship are the rather low moles percent G+C values (Table l) , some similar phenotypic traits (39, 50), and similar fatty acid profiles with tetradecanoic acid as a prominent compound (32, 35). In other Simonsiella species tetradecanoic acid is also prominent (35). However, the genome complexity, of Kingella kingae is only 60% that of Simonsiella muelleri ( Simonsiella and the "Simonsiellaceae. " The family "Simonsiellaceae" is composed of two genera of gliding bacteria, Simonsiella and Alysiella (38). ,These strictly aerobic, gramnegative bacteria are fotmd in the oral cavities of animals and human beings and are considered to be nonpathogenic. They are easily recognized by their typical multicellular micromorphology. In the Reichenbach subdivision of gliding bacteria (43) the "Simonsiellaceae" were allocated to the order Nostocales within the cyanobacteriae. However, our DNArRNA hybridization results revealed considerable rRNA cistron similarities among representative strains of this family and Neisseria jlavescens, Eikenella corrodens, and CDC group EF-4 [T,,,,, 73.6 to 76.0"Cl (Table 1 and Fig. 1 through  6) . Thus, genotypically, the "Simonsiellaceae" are completely unrelated to the cyanobacteria and most other gliding bacteria.
DNA-rRNA hybridizations showed that the genus Simon- siella is genotypically heterogeneous and that its species are distributed all through the Neisseriaceae cluster (Fig. 2  through 5 ). The three strains of Simonsiella muelleri stand out as a small separate rRNA branch; both strains of Simonsiella crassa, three strains of Simonsiella steedae, and one unspecified Simonsiella strain constitute individual separate groups. The degrees of DNA interrelatedness among the different Simonsiella species were low. The levels of DNA relatedness of the different Simonsiella species with Kingella kingae, Kingella denitrijkans, Neisseria gonorrhoeae, Eikenella corrodens, and CDC group EF-4 were equally low (Table 5) . Alysiellu. Only one authentic member of the genus Alysiella, the type strain of Alysiella filiformis, is available from public culture collections. We received this organism from three different sources, as strain ATCC 15532T, CCUG 3710T, or HIM 929-5T. The results with the three strains were the same. This species, which was isolated from sheep, is also a member of the Neisseriaceae cluster (Table 1 and Fig. 1 through 6) . It is separate from each of the four rRNA branches, and no DNA-DNA homologies could be demonstrated (Table 5) .
Chromoboctwium
Other isolates that were tentatively designated Alysiella sp. (e.g., strains ATCC 29468 and HIM 1018-2) were not significantly related to the type strain of Alysiella filiformis in terms of total DNA or DNA-rRNA hybridization (Tables 1   and 5 and Fig. 1 and 6) . We established that strains ATCC 29468 and HIM 1018-2 have high levels of rRNA similarity [Tm(e), 76.4 and 76.9"C, respectively] with Moraxella lacunata (Table 2) , which clusters together with the genus Acinetobacter in rRNA superfamily I1 (48). It seems to be difficult, if not impossible, to discriminate false and true Table 3 . Neisseria meningitidis NCTC 10025= was used as a representative of the group formed by Neisseriu gonorrhoeae and highly related neisseriae.
Alysiella sp. strains by means of conventional phenotypic criteria. The statement (52) that the genera Simonsiella and Alysiella belong to different RNA subdivisions and that the latter is closest to the genus Acinetobacter was probably not based on an analysis of the type strain of AlysiellaJiliformis and should be revised. Eikenella corrodens. Eikenella corrodens contains gramnegative, fastidious, facultatively anaerobic, nonmotile or twitching rods; these organisms pit agar surfaces and are biochemically rather inert. They grow well on blood agar in 5 to 10% CO, and their moles percent G+C range from 56 to 58. These organisms are normal human oral and intestinal inhabitants; many serious infections have been described, such as through human bites, abscesses, periodontal disease, osteomyelitis, etc.
Intraspecific DNA binding values obtained with a collection of strains that are phenotypically heterogeneous (with respect to hemolysis, nitrate reduction, hydrolases, oxidation of carbohydrates, colonial morphology, clinical significance) (Gothe et al., manuscript in preparation) essentially confirm the findings of Coykendall and Kaczmarek (5). These authors regard Eikenella corrodens as a molecularly homogeneous species with internal D values of 70 to 100%. The results of DNA-rRNA hybridization support this. Because of a positive oxidase reaction and a negative catalase reaction a possible relationship between Eikenella corrodens and Kingella kingae has been suggested (51) . Serological cross-reactions between these two species have been observed (24) . However, these taxa differ significantly in the moles percent G + C of their DNAs (8 mol%) (Table 1 ) and in their cellular fatty acid compositions (32, 42) .
Some authors (22, 25, 26, 30) have suggested that the genus Eikenella belongs in the Brucellaceae. From our DNA-rRNA hybridization data (Table 1 and Fig. 1 through  6 ) we concluded that Eikenella corrodens is a member of the Neisseriaceae cluster. From hybridizations with Eikenella corrodens rRNA ( Table 1 and Fig. 4) and from DNA-DNA hybridization data ( Table 5 ) we proved that Eikenella is a quite distinct genus in the family Neisseriaceae. Generally, Eikenella corrodens strains have higher octadecanoic acid contents (34 to 46%) (42) than other members of the cluster.
CDC group EF-4. CDC group EF-4 consists of arginine dihydrolase-positive subgroup EF-4a and arginine dihydrolase-negative subgroup EF-4b (4, 28) . These bacteria, which originally were thought to be related to the genus Pasteurella, are part of the oral flora of dogs and cats and are often isolated from infections resulting from dog and cat bites. The rRNA cistron similarities (Table 1 and Fig. 1  through 6) show that both CDC group EF-4 subgroups are part of the Neisseriaceae rRNA cluster as a separate rRNA branch; they appear to be most closely related to CDC group M-5 (Fig. 5) . The recently detected phenotypic heterogeneity within CDC group EF-4 (28, 56) is strengthened by our DNA-DNA hybridization results; subgroup EF-4a and EF4b strains exhibit only a low degree of DNA binding (31% D) (Table 4 ) and thus can be considered to be separate taxa. No significant DNA-DNA homology was detected between CDC group EF-4 members and other members of the cluster (Tables 4 and 5 ). The rRNA similarity with Neisseria species is supported by similarities in fatty acid patterns (6).
CDC group M-5. Members of CDC group M-5 also seem to be associated with infected dog bites (4, 49). They phenotypically resemble Moraxella species but are also similar in some respects to Neisseria elongata (49); therefore, they have sometimes been named "Neisseria parelongata" (19). The results of DNA-rRNA hybridizations with DNAs of CDC group M-5 strains indicate a relationship with CDC group EF-4 (Fig. 5) . No significant DNA homology was found with any taxon tested ( Table 4) . The fatty acid profiles of CDC group M-5 strains essentially do not differ from those of CDC group EF-4 strains (6,34,41) and strains in the genus Neisseria (32) . In contrast to the CDC group EF-4 strains, CDC group M-5 strains are asaccharolytic and do not reduce nitrate (49, 56) . Taxonomic implications. The most recent officially proposed taxonomic composition of the family Neisseriaceae is that of BBvre (2). In addition to the genus Neisseria, this family includes the genera Moraxella (with two subgenera, Moraxella and Branhamella), Acinetobacter, and Kingella. The genus Psychrobacter was added in 1986 (36). Our results from this study and from previous studies (47, 48, 53) prove that the present family Neisseriaceae as such is not justified. It has to be emended by exclusion of the genera Acinetobacter, Moraxella (with its two subgenera, Moraxella and Branhamella), and Psychrobacter (Rossau et al., in preparation), which are members of rRNA superfamily 11. The emended family Neisseriaceae has to correspond to our Neisseriaceae rRNA cluster, and it has to include the following genera and groups: true Neisseria, Kingella (not [Kingella] indologenes), Simonsiella, Alysiella, Eikenella , and CDC groups EF-4 and M-5. There is no justification for accepting the nonvalidated family "Simonsiellaceae,' ' as it is a more recent proposal; both genera in this family should be included in the Neisseriaceae. The degree of genotypic homogeneity in the Neisseriaceae rRNA cluster [AT,,,, range, 6.4"C (Table l) All of the data presented in this paper justify the proposal for the emended family Neisseriaceae. The description below was compiled from references 2, 6, 17, 31, 33, 35, 38, 41, 42, 49, 50, 54, 56 .
Description of the Neisseriuceae (Prevot 1933, 1 19AL) emend. Neisseriaceae (Neis. se .ri.a'ce.ae. M .L. fem. n. Neisseria, type genus of the family; -aceae, ending to denote family; M.L. fem. pl. n. Neisseriaceae, the Neisseria family). Organisms are coccal, coccoid, or rod shaped, or they exhibit a multicellular micromorphology (Simonsiella and Alysiella). Gram-negative, with a tendency to resist decolorization. Endospores are not formed. Flagella are absent. Swimming motility is not observed, but there may be twitching or gliding motility. Capsules and fimbriae may be present. Aerobic, but some species also grow anaerobically (Kingella sp. and Eikenella corrodens). Chernoorganotrophic and mesophilic. Oxidase active; no indole production. Biochemically rather inert. Some species are nutritionally fastidious; some are saccharolytic. The main habitat is the mucosal surfaces of human beings and other mammals. Most species are opportunistic, but some are primary pathogens of humans. The fatty acid profiles of the taxa examined show the presence of saturated or monounsaturated non-On: Sat, 02 Feb 2019 18:53:11 VOL. 39, 1989 TAXONOMY OF THE NEISSERIACEAE 197 branched fatty acids, predominantly with 14, 16, or 18 carbon atoms. Carbonic anhydrase is found in all of the taxa studied. Nearly all family members use ubiquinones as sole respiratory quinones. G+C range, 41 to 58 mol% (determined mainly by the thermal denaturation method). Genome molecular complexity, 1.4 x lo9 to 2.7 x lo9. All taxa are found within a AT,,,, range of 7.6"C (DNA-rRNA hybridization). The type genus is Neisseria Trevisan 1885, 105.
The following species are included at this time in the type genus ( Fig. 6 ): Neisseria gonorrhoeae, Neisseria meningitidis, Neisseria lactamica, Neisseria sicca, Neisseria subJava (including Neisseria per-ava and Neisseria Java), Neisseria Javescens, Neisseria mucosa, Neisseria macacae, Neisseria cinerea, Neisseria polysaccharea, Neisseria elongata, Neisseria canis, Neisseria animalis, and Neisseria denit$-icans. The allocation of the last three species in this genus is not yet certain.
The following genera and other taxa are also included in this family ( 
